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TECHNICAL FIELD

The present invention forms an integral part of a
protection system for power transmission lines which are
series-compensated with capacitors. Specifically, the
invention relates to a method and a device for locating a
fault which has occurred on the power transmission line.
The distance from a station, located at one end of the
power transmission line, to the fault is determined with
rhe aid of calculating algorithms based on impedance
models of the power transmisssion line and voltages and

currents measured at the station before and after the
occurrence of the fault.

BACKGROUND ART, PROBLEMS

A method for fault location on a three-phase power
transmission line is known from US Patent No. 4,559,431.
The method for fault location on a three-phase power
transmission line, described in US Patent No. 4,553,491,
is based on an impedance model of the power transmission
line. A condition for the method according to US Patent
No. 4,559,491 is that the power transmission line has a
linear impedance also when a fault has occurred. Series
capacitors for phase compensation are normally provided
with overvoltage protection devices in the form of some
protection component with a non-linear characteristic in
the area of interference and the method according to US
Patent No. 4,559,491 is therefore not applicable to a

three-phase power transmission line with series capaci-
tors for phase compensation.

From US Patent No. 4,719,580 it is known that fault
location on a three-phase power transmission line may be
made according to method based on a waveguide model of
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the power transmission line. Fault location on a power
transmission line with series capacitors for phase .
compensation based on a waveguide model of the power
transmission line may, for certain types of faults, give
a misleading result and this fault-location technique has

therefore not been accepted by the users.

A method for fault location based on an impedance model
of the power transmission line should take into conside-
ration the fact that the occurrence of a fault on the
monitored power transmission line entails the feeding of
electric power from both ends of the power transmission
l1ine to the site of the fault in question since otherwise
the fault location cannot be performed with sufficient

accuracy. To obtain a result with satisfactory accuracy
in the fault-position determination, fault location based

on an impedance model of the power transmission line
assumes that the power inputs from the two ends of the
power transmission line are determined by measuring or
calculating the two power inputs. From US Patent No.

5. 455,776 it is known that fault location on a three-
phase transmission line may be made with a method which
assumes measurement of voltage and current at the two
ends of the monitored transmission line. The method could
be adapted to series-compensated transmission lines but
has the disadvantage of being dependent on measured
values from the two ends of the transmission line, which
complicates the fault location and makes it more expen-
sive compared with methods operating with measured values
from one end of the transmission line only, normally the
end of the transmission line where the fault location 1is

arranged.

A method for fault location based on measurement at one
end of the transmission line only is described in IEEE
Transaction on Power Apparatus and Systems, Vol. PAS-104,
No. 2, February 1985, pp. 424 - 436. This method assumes
rhat the monitored part of the transmission line is
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described by a linear model and the method is thus not -useful for series-
compensated transmission lines with non-linear protection devices for protecting

the capacitors against overvoltage.
SUMMARY OF THE INVENTION

The present invention relates to a method and a device for locating a fault which

has occurred on the power transmission line. -

According to a first aspect, the invention provides a method for location of a
fault, and determination of a resultant fault resistance, which has occurred on a
power transmission line which is series-compensated with a capacitor, with a
parallel-connected overvoltage protection device, between two stations (A) and
(B), wherein the distance to the fault from one station (A) and the fault
resistance are determined by means of values measured in said station (A) of
voltage before and voltage and current after the occurrence of the fault,

characterized 1n that, 1f the fault occurred between the
series capacltors and station B, the distance to the

fault 1s determined by

o Im (b, )=y Im(e,)Im(b, )= 41m (g, )im(c,) (14)

o 21m(a, )

which 1s the solution to a first distance-to-fault

egquation
ax®’ -bx +c - R = 0 (9)

where a,, b, and ¢, designate complex coefficients which,

via a first auxiliary vector

])’ :(ZA+ZB+ZL)([A_/$fr¢[—-IA_]’N)-*-Z _Z

Sc_pn.n' A_pod SC-I"" ] A_pre ( 10 )

and
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D, which designates the transpose matrix of D,

1

may be calculated as follows

y
D, . ..

2= p7p 2K il (11)
ot o

-lzl = i)Tl) (["Ll\f[\ A_pod +(/“L —-L.SC_{NH!)'z\_;'ml-]-*-Lﬂl\]'/“l.l.'\_pm!) - (12)
| 77
by . . :

R TRCIREZ A AU S NI (13)

where:

ZA Is equal to a source impedance of a backward power network,
Zg Is equal to a source impedance of a forward power network,
Z1 Is equal to an impedance of the power transmission line,

index post identifies a value after the occurrence of a fault,
iIndex pre identifies a value before the occurrence of a fault,

| A IS equal to a fault current,
Zsc 1S equal to a non-linear impedance,

Kt is equal to a fault-type matrix,

and where Im(a,), Im(b,) and Im(c,) are equal to the

imaginary part of the coefficients, and that

tha fault resistance becomes equal to

R,, = Re(a)x,, = Re(hy Jv,, + Re(c,) (15)

where Re(a,), Re(b,) and Re(c,}) are equal to the real part

of the coefficients.
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The invention also concerns a method for location of-a-fault, and determination
of a resUItant fault resistance, which has occurred on a power transmission line
which is series-compensated with a capacitor, with a parallel-connected
overvoltage protection device, between two stations (A) and (B), wherein the
distance to the fault from one station (A) and the fault resistance are determined

by means of values measured in said station (A) of voltage before and

voltage and current after the occurrence of the fault,
characterized in that, 1f the fault occurred between .

station A and the series capacitors, the distance to the

fault 1s determined by

1 (8,)-yIm(k,)Im(e,)-41m(a, im(c.,) (23)

21m(a,)

Xy =

which 1s the solution to a second distance-to-fault

equation

R
3
s
R
\<
+
N
|
pe,
{
-

a,%," - bx, + c, ' (18)

where a,, h, och ¢, designate complex coefficients which,

with the aid of a second auxiliary vector

D,=(Z,+Z,+Z )1, ..~ 1, )+2 I -7 ] (19)

SC’_ froexy A _ Pnsr Y 24 4 A _pic
and

D", which designates the transpose matrix of D,

the coefficients a,, b, and ¢, may be calculated as

follows:

Iz‘a ot ( 20 )
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b, RY 7. +7 . ‘-z-"/-v-]r /7% DR N 21
2 I)T[) (['ll\f\ A_p N +[/“ L-+ /“'SC._{‘HH '8 \[ “L A_pm:) ( )
DT
g'!: 7°2 (ZL+ZR+ZSC_p !)l<f\,'lp ! (22)
> DID,
where:
Zp is equal to a source impedance of a backward power network,
Zg is equal to a source impedance of a forward power network,
Zy is equal to an impedance of the power transmission line,
10 index post identifies a value after the occurrence of a fault,
index pre identifies a value before the occurrence of a fault,
| A is equal to a fault current,
Zsc is equal to a non-linear impedance,
Ks is equal to a fault-type matrix,
and where Im(a,), Im{b,) and Im(c,) are equal to the
imaginary part of the coefficients, and that
the fault resistance becomes
20
R, = Re(a 113, = Re(by )y, + Reley) (24)
wvhere Ref(a,), Re(b,) and Ref(c,) are equal to the real part

of the coefficients.

In another aspect, the present invention provides a method for determining
which of a located fault as defined above represents the true location,
characterized in that, if the located fault is a three-phase fault, it is asked

whether Rg1 is greater than Rgo, and if the answer is yes, it is assumed, as a first

30 assumption, that the fault is an Ryf) fault, and it is asked whether Rf > Rg
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where Rq Is a preset minimum value, and if the answer is yes, the distance to - -
fault is xo1, and if the answer is no, the distance to fault is x11
and that if Rgq is smaller than R¢o, it is assumed, as a first assumption, that the

fault is an R¢q fault, and it is asked whether Rgq > Rq and if the answer is yes, the

distance to fault 1s x,, and 1f the answer is no, the

distance to fault 1s =,

1f the located fault 1s an unsymmetrical fault, the phase
currents through the fault resistance are first deter-

mined for a fault according to claim 1 according to

iua.s.ru = iAIR.S.TI t iem.s.'rn (25)
where

1., .- are the phase currents measured 1in station A
lops.mm LS determinaed by means of equation (2) (i, = I, )

and for a fault according to claim 2 according to

l!lP.:S."Ti? = = lAlP.,S.Tl M lE[F’.,S,TI2 (26)
's‘J}]ere
1,,<-, 1S determined by means of equation (3) (1, = I )

whereupon 1t 1s ashked

whether 1, 1s greater than 1,,, and 1f the answer 1is yes,

1

1t 1s assumed, as a first assumption, that the fault 1s

an R, fault, and 1t 1s asked whether R,> R, where R,

1s a preset minimum value, and if the answer is vyes, the
distance to fault 1i1s :x,, , and if the answer is no, the
distance to fault 1is x

and 1f 1,1s smaller than 1i,, it 1s assumed, as a first

assumption, that the fault is an R, fault, and it is asked
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whether R,, > R,, and 1f the answer 1is yes, the distance to

fault 1s % , and 1f the answer 1s no, the distance to

1

fault 1s x, .

In a further aspect, the invention concerns a device for carrying out the method
for location of a fault, and determination of a resultant fault resistance, which has
occurred on a series-compensated power transmission line between two
stations A and B as described above, characterized in that the device comprises
measuring device for continuous measurement .of phase currents and phase
voltages in one of the station (A), measurement converters for filtering and
storage of a number of these consecutively measured values, a calculating unit
which Is provided with the calculating algorithms included in the method,
including iteration possibilities, and which is arranged for receiving signals in the
form of the measured, filtered and stored pre-fault phase currents and phase
voltages as well as measured and filtered values of post-fault phase currents

and phase voltages as well as signals indicating the emf (Ea, Eg) and
impedance (Za,ZB) of the backward and forward power network, the length (L)
and impedance (Z| ) of the power transmission line, and the distance (d) from

station (A) to the series capacitors, assured values of the distance to fault (x)
and the fault resistance (Rg), data for determining the type of fault (Kf) and, in

connection with the iterations, pre-determined maximally permissible difference

values (S1, So, S3).

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows an impedance model of a faultless power
transmission line, series-compensated with capacitors

with overvoltage protection device, between two stations

A and B

Figure 2 shows an impedance model of the same power

transmission line when a fault has occurred between the

series capacltors and station B.

Figure 3 shows an impedance model of the same power
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transmission line when a fault has occurred between

station A and the series capacitors.

Figure 4 shows possible fault configurations on the power

transmission line.

Figures 5 and 6 show how the.parallel connection of the
series capacitors and the overvoltage protection device
may be replaced by a model-equivalent impedance consis-

ting of a series connection of a resistance and a

reactance.

Figure 7 shows how the parameters of the model equivalent
as a function of a current, passing through the impe-

dance, may be determined.

Figure 8 shows how a device for carrying out the method

may be designed.
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DETAILED DESCRIPTION OF THE INVENTION

A single-line diagram for a faultless power transmission
line, series-compensated with capacitors, between two
stations A and B is shown in Figure 1. In this context,
the terms "backward" and "forward" are often used when
referring to the location of a power network in relation
to the power transmilission line. A backward power network
according to Figure 1 is represented by an emf E, and an
impedance Z,. In a corresponding way, a forward network is
represented by an emf E, and an impedance Z,. Further,

Figure 1 shows
Z the impedance of the power transmission line

d the distance in per unit from station A to the

series capacitors

dz, the impedance of the power transmission line between

station A and the series-compensated capacitors.

The capacitors in series-compensated power networks are
normally provided with a parallel-connected overvoltage
protection device. The parallel connection will be
referred to below as "SC&OVP" and 1s represented by a
non-linear impedance because of the non-linear
current/voltage characteristic of the overvoltage

protection device.

Z .. non-linear impedance consisting of the series

capacitors and thelr overvoltage protection devices

(1-d)dz,
the impedance of the power transmission line between
SC&OVP and station B.



5

10

15

20

25

30

35

CA 02316187 2000-06-22

WO 99/32894 s PCT/SE98/02404

The faultless power transmission line, that is, prior to
the occurrence of a fault, may thus, according to Figure
1, be described, in matrix form, by the equation

E,-E,=|2,+2,+Z,+Z . ]I, (1)

The index "pre" implies that the value of the guantity in
question is the value prior to the occurrence of a fault.
In the following description, equations with quantities
with the index "post" will also be described, which, in a
corresponding manner, implies that the value of the
quantity in question is the value after the occurrence of
a fault. A condition for the distance-to-fault
calculation is thus that a continuous measurement and

storage of a number of consecutively measured voltage and
current values is performed.

As regards the post-fault situation, it must be dis-
tinguished whether the fault is located between station A

and SC&0OVP or if the fault is located between SC&OVP and
station B.

Figure 2 shows an impedance model of a series-compensated
power transmission line when a fault has occurred between
SC&0OVP and station B. A fault which has occurred within
this area will be referred to below as a fault 1. The
impedance model according to Figure 2 may, 1n matrix
form, be described with the equation

E,~Ep={Z,+3Z,+Zs_pou Mu_pou =[(1= %), +Z, ]I, .. (2)

where x, designates the distance from the end point A of
the monitored power transmission line to the fault.

Figure 3 shows an impedance model and a series-
compensated power transmission line when a fault has
occurred between station A and SC&OVP. A fault which has
occurred within this area will be referred to below as a
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fault 2. The impedance model according to Figure 3 may,
in matrix form, be described with the equation

E,~E,=[Z,+ 52, W pou ~[(1- )2, +Zs + Zsc_pou [Ts_pus (3)

In Figures 2 and 3, the fault is represented by a fault
resistance R, to ground or zero. A fault on a three-phase
line R, S and T may occur in a plurality of different
ways. Figure 4 shows how a fault with a fault resistance
R,, R, and R, may occur between any of the phases and
ground and as R,, R, etc. between different phases. A
combination of the individual cases may also occur. The
voltage at the fault site is defined as V,, V,, and V, and
the corresponding currents as I,, I, and I,

To be able to distinguish the different types of fault
that may occur, the distance-to-fault calculation makes
use of a fault-type matrix which has the general form

The elements in K, are determined in dependence on the
type of fault as follows:

e non-diagonal elements are given the value 0 if the
phase in question is not concerned by the relevant
fault and the value -1 if the phase is concerned by the

relevant fault

e The diagonal elements are given the value 1 if the
phase in question has a fault to ground at the fault in
question and to this is added the sum of the absolute
values of the non-diagonal elements in the relevant

line.
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A few examples of a filled-in matrix K, for some typical
types of fault are shown below

1 0 0O}

5 K,=|0 0 0jfor fault R-ground
0 0O
2 -1 -1

K,= -1 2 ~1|for fault R-S-T
-1 -1 2

10
3 -1 -1
K, =[—-1 3 -~1|for fault R-S-T-ground
-1 -1 3
1 -1 0
K,={-1 1 0| for fault R-S
O 0 O
15
2 -1 0
K, =|-1 2 0| for fault R-S-ground
0 0 O

The vectorial relationship between the fault current I,,
20 i.e. I,, I, and I, , the fault voltage V,, 1i.e. V,, V.
and V. , the equivalent fault resistance R, and the fault

matrix is clear from the equation

It = K¢ ViR (4)

In connection with the calculation of the distance to the
fault (hereinafter referred to as the distance-to-fault
calculation) which is described below, knowledge of Z, 1is
needed, that is, the value of the non-linear impedance as
30 a function of the actual current flowing through the
impedance. One way of determining Z, is to transform the
parallel connection according to Figure 5 into a model-
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equivalent impedance according to Figure 6 in the form of
a series connection of a resistance R, and a reactance
X.. By, for example, a transient test, R, and X_ may be
determined individually as functions of a traversing
current I_, according to Figure 7, or in the form of a
corresponding analytic function. This implies that, when
the current through Z_ is known, Z., may be determined as

Zsc=Rsc + jXsc (5)

In case of a fault 1 according to Figure 2 och equation

(2), both R, and X_.., i.e. Z,, can be determined with the
current I, measured in station A.

In case of a fault 2 according to Figure 3 and equation
(3), however, it is the unknown current I, which traverses
Z,, . It is, therefore, an integral part of the invention
to obtain a measure of the current I, by means of an
iterative process. This current is then calculated by

means of equation (6) with an assumption of Z, and the
distance x,.

Is = ((1 - X2)ZL + Zg + Zsc) ™' . ((Za + X2Z)14 - (Ea - Ep)) (6)

The value of I, thus obtained determines, in its turn, a
preliminary value of Z_, in the same way as above and will
be used in the calculating algorithm which will be

described below for the distance-to-fault calculation.

The calculating algorithms aécording to the invention
which calculate the distances from station A to the fault
are based on the impedance models related above and
corresponding equations in matrix form. Since the impe-
dance models are different depending on whether the fault
is located between SC&0OVP and station B or between

station A and SC&OVP, also the calculating algorithms
will be different.

RECTIFIED SHEET (RULE 91)
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The calculating algorithm for calculating a fault 1, that
is, calculating the distance from station A to a fault
which is located between SC&OVP and station B, consists

of the equations

s
EA—E,=[ZA+Z,+ZL+ZSC_M]1A_‘,,, (1)
E,-E,=[Z,+xZ, +Zge_pou Mapon ~[(1= 5 )2 +Zs ]I, e (2)
: Vi =V, = (20 +Zs_pou Mapo | (7)
I, =1, pos 15 _pox (8)

15 where x, designates the unknown distance from the end
point A of the monitored transmission line to the site of

the fault, and V, is obtained by means of equation (4).

If (1) 1is combined with (2, 4, 7, 8), a first distance-
20 to-fault equation is obtained, after simplification,
according to the following scalar quadratic equation

ax2-bixi+¢c -Rp =0 ~(9)

25 where a,, b, and ¢, designate complex coefficients. By

means of a first auxiliary vector

D =(Z,+Z,+ ZL)(IA_po:t —IA_,pre)+ZSC-p¢mlA,po.u "zsc_pnla_pre (10)
and
30
D" which designates the transpose matrix of D,
the coefficients a,, b, och ¢, may be calculated as follows
DT
35 a=——2,K,Z,I (11)

Ql = _F“(ZLKI [VA_post + (zL - ZSC-po.n )IA_pos:]'*'ZBszLIA__Mg) (12 )

40
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__Dy - o
&= DD (Z,+Zp)(Vy_pos = zsc_meA,pm K, (13)
!

The first distance-to-fault equation 1is solved by means

s of an iterative process which is to be described in
greater detail below. Of the two solutions of the
quadratic equation, only one gives a practical solution,
namely a distance to fault equal to

0, Imé )-yIm(e,)im s, )- 41m(a, )im(c, ) (14)

2Im(g, )

where Im(a,), Im(b,) och Im(c,) are equal to the imaginary

part of the coefficients.

1S It has been found out that the second root of the
distance-to-fault equation (9) gives unreasonable values
of the distance to the fault and that the equation (14)
therefore represents a sought solution to the first
distance-to-fault equation (9).

20
By inserting the obtained value x, into the first
distance-to-fault equation (9), a corresponding fault
resistance R, is obtained by the relationship

25 Ry = Re(g, )x;, — Re(l Jx,, +Relcy) (15)

where Re(a,), Re(b,) and Re(c,) are equal to the real part
of the coefficients.

30 Determination of distance to fault and fault resistance
is made by an iterative process which will be described
below.

The calculating algo-rithm for the distance-to-fault
15 calculation in case of fault 2 consists of the following
equation system:

E,-E;= [ZA +Z,+1, +ZSC_pre]lA_pre (1)
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E,-E;= [ZA '*'xzz:.}la_,m: —[(l-xz)ZL +Z, +ZSC..Jm']ILm (3)
vA-m -V, "‘xzleA,m (16)
S I, =1, pou 15 _pos (17)

where x, designates the unknown distance from the end
point A of the monitored transmission line to the site of
the fault, and V, is obtained by means of equation (4).

10 If (1) is combined with (3, 5, 16, 17), a second
distance-to-fault equation is obtained, after simplifi-
cation, according to the following scalar quadratic

equation with x, as variable
15 X2’ -boxa+¢2-Rp =0 (18)

where a,, b, and ¢, designate complex coefficients. By

means of a second auxiliary vector

20 D2 = (ZA + ZB +ZL)(IA_po:t o IA_pre) + ZSC_pa:tIA_po.n o zSC_pnIA_pre (19)

and
D, which designates the transpose matrix of D,

the coefficients a,, b, och ¢, may be calculated as
25 follows:

z.K,Z,1, (20)
(21)

30

(22)

35
The solution to the second distance-to-fault equation

(16) gives a sought distance to the site of the fault as
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. ‘m(bz)"ilm(bz)lm(hz)“”m(az )im(c, ) (23)

*a 21m(g, )

It has been found out that the second root of the
distance-~to-fault equation (18) gives unreasonable values
of the distance to the fault and that the equation (23)

therefore represents a sought solution to the first
distance-to-fault equation (18).

By inserting the obtained value x,, into the second

distance-to-fault equation (18), the corresponding fault
resistance R,, is obtained by the relationship

R,y = Re(g, Jxy, — Re(la Jxy + Re(c,) (24)

Determination of distance to fault and fault resistance

is made by an iterative process which will be described
below.

Before the iterative process for calculating the distance

to fault can be started, a number of conditions must be
fulfilled:

Independently of whether the fault is a category 1 fault
or a category 2 fault, information about the value of
fixed parameters, included in the equation systems, must
be available. This relates to values of the backward and
forward power networks, the length of the power trans-
mission line, the impedance, the distance from station A
to the series capacitors, and so on.

An assumption must be made on an initial value of dis-
tance to fault and fault resistance. This assumption may

be made with arbitrary values within permissible limits.

Wwhen a fault has occurred, the type of fault and hence

also the K, matrix may be determined.
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To be able to determine which of the calculating algo-
rithms is to be used, knowledge must be gained as to on
which side of SC&OVP the fault has occurred, that 1is,
whether it is a fault 1 or a fault 2.

There must be a continuous access, both before and after
a fault has occurred, of filtered values of current and
voltage measured in one of the stations (A).

After the above conditions have been fulfilled, the
distance-to-fault calculation is initiated.

In case of a fault 1, the following occurs:

Based on the current I, measured in station A after the
occurrence of the fault, R, and X, are determined, for

example with Figure 7, whereupon Z, in equation (2) may
be determined.

- the D, auxiliary vectors are calculated according to
equation (10)

- the coefficients a,, b, and ¢, for the first distance-
to-fault equation (9) are calculated according to
equations (11), (12) and (13)

- a first calculated value of the distance to the fault
is calculated according to equation (14), and

- a first value of the fault resistance is calculated
according to equation (15).

The first calculated value of the distance to the fault
is compared with the assumed value of the distance to the
fault. If the difference between the values 1is greater
than a pre-set maximally permissible difference value S,
the assumed value in equations (2) and (7) is replaced by
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the first calculated value of the distance to the fault
and the fault resistance.

Thereafter, a new calculation procedure is carried out
according to the above, which provides new values of the
distance to the fault and the fault resistance. If the
difference between the last calculated value of the
distance to the fault and the first calculated value 1is
greater than the maximally permissible difference value,
the first calculated value in equations (2) and (7) is
replaced by the last calculated values of the distance to
fault and the fault resistance.

This iteration continues until the difference wvalue of
two consecutive calculation procedures is smaller than
the set maximally permissible difference value, whereupon
the last calculated values of the distance to fault and
the fault reéistance are regarded as the real values.

In case of a fault 2, the following occurs:

Based on the current I, measured in station A and an
assumption of Z_,, after the occurrence of the fault, a
preliminary value of the current through Z, 1s calculated
by means of equation (5). By means of the preliminary
value of the current, a first value of R, and X., that 1is
also Z., may be obtained. The first calculated values are'
compared with the assumed value of Z,.. If the difference
between the values is greater than a preset maximally
permissible difference value S,, the set value in equation
(6) is replaced by the first calculated value of Z, . This
iteration continues until the difference value of two
consecutive calculation procedures i1s smaller than the
set maximally permissible difference value, whereupon the
last calculated value of Z, constitutes the assumption of
Z.. which is needed in equations (3) and (16).

- the D, auxiliary vectors are calculated according to
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equation (19)

- the coefficients a,, b, and c, of the second distance-

to-fault equation (18) are calculated according to
equations (20), (21) and (22)

- a first calculated value of the distance to the fault
is calculated according to equation (23), and

- a first value of the fault resistance is calculated
according to equation (22).

The first calculated value of the distance to the fault
is compared with the set value of the distance to the
fault. If the difference between the values is greater
than a pre-set maximally permissible difference value S,,
the set value in equations (3) and (16) is replaced by
the first calculated value of the distance to the fault
and the fault resistance. '

Thereafter, a new calculation procedure 1s carried out
according to the above, which provides new values of the
distance to the fault and the fault resistance. If the
difference between the last calculated value of the

distance to the fault and the first calculated value is

greater than the maximally permissible difference value,
the first calculated value in equations (3) and (16) 1is

replaced by the last calculated values of the distance to
fault and the fault resistance.

This iteration continues until the difference value of
two consecutive calculation procedures 1is smaller than
the set maximally permissible difference value, whereupon
the last calculated values of the distance to fault and
the fault resistance are regarded as the real values.

With access to the calculated values of the distances to
fault, x, and x,, and the corresponding fault resistances
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R,, and R,, and the equations described in the descrip-
tion, there is, according to the invention, a method for
determining which of the distance-to-fault values
represents the actual distance to the fault. The method
is different depending on whether the fault i1s a three-
phase fault or if it is an unsymmetrical fault, that is,
if one or more phases is/are faultless.

If the fault is a three-phase fault, the following
OCCurs:

Is R, > R,, ? Yes

If the answer is yes, it is assumed, as a first
assumption, that the fault is a fault 2 and it is asked
whether R,,> R, ? where R, is a preset minimum value. If
the answer is yes, the fault is a fault 2, that 1s, the
calculated value of x, is the true value of the distance
to the fault. If the answer is no, it is a fault 1, that
is, the calculated value of x,is the true value of the
distance to the fault.

Is R,,> R,, ? No

If the answer is no, it is assumed, as a first
assumption, that the fault is a fault 1 and it is asked
whether R, > R, ? where R, is a preset minimum value. If
the answer is yes, the fault is a fault 1, that 1is, the
calculated value of x,is the true value of the distance
to the fault. If the answer is no, it is a fault 2, that
is, the calculated value of x, is the true value of the
distance to the fault.

If the fault is an unsymmetrical fault, the currents
through the fault resistances must first be determined

for the two cases of fault.

For fault 1, the phase currents through the fault
resistance may be determined with the aid of

l!(l.S.Tll = lh(l.‘.‘ﬂ + llll.S.‘I‘}l (25)
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where
i,.sn are the phase currents measured in station A

1,p.5m; 1S determined with the aid of equation (2)

5 (i, = I,.,)
and for fault 2, the phase currents through the fault
resistance may be determined with the aid of

10 igrsm2= = iarsn + isrs - (26)

where

isrsT2 1S determined with the aid of equation (3) (iz=Ippos)
15
The method for determining whether it is a question of a
fault 1 or a fault 2 comprises, after a faultless phase
has been identified in conventional manner, first deter-
20 mining the currents at the site of the fault in the
faultless phase or phases for the two cases of fault
according to equations (25), (2) and (26), (3), that 1is
i, och i,,,. Then follows the followling procedure:

25 Is i,,> 1,., 7
Now, if i, > i,, it is considered, as a first assumption,
that the fault is a fault 2 and if i, < 1i,,,1it is con-
sidered, as a first assumption, that the fault i1s a fault
1.

30
The continued determination procedure is exactly iden-
tical with the procedure when the fault is a three-phase
fault, that 1is:
In case of a fault 2, it is asked whether R, > R, ? where

35 R, is a preset minimum value. If the answer 1s yes, the
fault is a fault 2, that is, the calculated value of x, 1is
the true value of the distance to the fault. If the
answer is no, it is a fault 1, that is, the calculated
value of x,is the true value of the distance to the

40 fault.
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In case of a fault 1, it is asked whether R, > R, ? where
R, 1s a preset minimum value. If the answer is yes, the
fault 1s a fault 1, that 1is, the calculated value of x,k is
the true value of the distance to the fault. If the
answer 1is no, it is a fault 2, that is, the calculated
value of x, 1s the true value of the distance to the
fault.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

A device for determining the distance from a station, at
one end of a transmission line, until the occurrence of a
fault on the transmission line according to the described
method comprises certain measuring devices, measurement
value converters, members for iterative treatment of the
calculating algorithms of the method, a possibility of
inputting to the member known conditions regarding the
parameters of the power networks and assumed values of
distance to fault, fault resistance, etc., a VDU indi-
cating the calculated distance to fault, and a printer
for printout of the calculated distance to fault. Figure
8 largely shows an embodiment of the device. Embodiments
similar to those of Figure 8 are within the scope of the

invention.

Figure 8 shows a transmission line 1 between two stations
A and B. The line is provided with capacitors, protecting

against overvoltages, forming the impedance Zgc. Station A

accommodates measuring devices 2 and 3 for continuous
measurement of all the phase currents and phase voltages.
In the measurement converters 4 and 5, a number of these
consecutively measured values, which in case of a fault
are passed to a calculating unit 6, are filtered and
stored. The calculating unit is provided with the
calculating algorithms described, programmed for the
iterative processes which are needed for calculating the
distance to fault and the fault resistance.
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Even before a fault occurred on the transmission line,
the calculating unit was provided with a number of
conditions and assumptions to be able to perform the
calculation of the distance to fault etc. These condi-
tions comprise values of the emf and the impedance of
both a forward and a backward power network. The calcu-
lating unit is also supplied with known values of the
length and impedance of the transmission line, the dis-
tance from station A to the series capacitors, set values

of the distance to fault, the fault resistance, Zgc

and the maximally permissible difference values S;, S;andS;.

In connection with the occurrence of a fault, information
about the type of fault may be supplied to the calcula-

ting unit for determining the fault-type matrix K;. In

addition, after the occurrence of the fault, information
is supplied as to whether the fault is positioned between
the series capacitors and station B or whether the fault
is positioned between station A and the series capaci-
tors, that is, whether the fault is a fault 1 or a fault
2.

Then, when a fault has occurred, and the external con-
ditions are fulfilled, the calculating procedure starts
with the necessary iterations to obtain difference values
which fall below the maximally permissible ones. The
finally calculated values will then be transferred to a
VDU which shows the distance to the fault and the magni-
tude of the fault resistance, respectively, for further
actions. The device also comprises possibilities for
printout of the result.

In the similar embodiments indicated above, parts of the
embodiment according to Figure 8 may be more or less
integrated in the calculating unit.
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CLAIMS

1. A2 method for location of a fault, and determination of
a resultant fault resistance, which has occurred on a
power transmlission line which 1s serles-compensated with
a capacltor, with a parallel-connected overvoltage
protection device, between two stations (A) and (B),
wherein the distance to the fault from one station (A)
and the fault resistance are determined by means of
values measured 1n said station (A) of voltage before and
voltage and current after the occurrence of the fault,
characterized 1n that, 1f the fault occurred between the

series capacitors and station B, the distance to the

fault 1s determined by

. lm(jgl):—Jlmm(b,)l_'lm(j_vl)-—4!m(gl )1;1(;:,-) (14)
A 21m(g,)

X

which 1s the solution to a first distance-to-fault

equation

§1X12 B ble + C, — Rn = 0 (9)

b |

designate complex coefficients which,

where a,, b, and ¢,

via a first auxiliary vector

DI = (ZA + ZB +ZL)(IA_pu.u o IA*prc) + ZSC_[‘NI!IA_;IH_\! - ZSC_;rrcI ( 10 )

A_pre

and

D', which designates the transpose matrix of D,

1

may be calculated as follows

T

:'i)Ti)' Z,X,Z2,1, .. (11)

) |
s 1

a
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l);r r > y -, ’ , -
.b.l = DT3|.(LLI\[[\.4_[): Y +(/JL - “SC"[M\:) A_pn\r]-*-éﬂl\]/"[I,\_,,m;) (12)
l
D, :
gl :-DT[_)_-([JL +/J{f )( VA_[m\l —/JSC_p;u:lA_p;nz)I</' (13)

where:

Za is equal to a source impedance of a backward power network,
Zg is equal to a source impedance of a forward power network,
Z| is equal to an impedance of the power transmission line,

index post identifies a value after the occurrence of a fault,
index pre identifies a value before the occurrence of a fauit,

|a is equal to a fault current,
Zsc is equal to a non-linear impedance,

Ks is equal to a fault-type matrix,

and where Im(a,), Im(b,) and Im(c,) are equal to the

imaginary part of the coefficients, and that

the fault resistance becomes equal to
R, = Re(a, ), - Re(b, ), +Relcy) (15)

where Re(a,), Re(b,) and Re(c,) are equal to the real part

of the coefficients.

2. A method for location oi a fault, and determination of
a resultant fault resistance, which has occurred on a
power transmission line which 1s series-compensated with
a capacitor, with a parallel-connected overvoltage
protection device, between two stations (A) and (B),
wherein the distance to the fault from one station (A)
and the fault resistance are determined by means of

values measured in saild station (A) of voltage before and



10

20

30

CA 02316187 2007-11-30

22

voltage and current after the occurrence of the fault,
characterized 1n that, 1f the fault occurred between
station A and the series capacitors, the distance to the

fault 1s determined by

. Im (bzl:1flm&£)lm(}:wz_);-4 lm_(z)lm(c:) (23)

& 2 lm(g:)

which 1s the solution to a second distance-to-fault

equation

ax,' - bx, + c. - R, =0 (18)

where a,, b, och ¢, designate complex coefficients which,

with the aid of a second auxiliary vector

D,=(Z,+Z,+7Z )1, .1, )+ Zsc nnila_poi = Lisc_prela_pre (19 )

and

D", which designates the transpose matrix of D,

the coefficients a,, b, and ¢, may be calculated as

L

follows:
DT
2 =27 K T, (20)
=) D;-Dz L™ f L7 A_p
DT
92 — DTE) (ZLKIVA_IM.\'I +[ZL T ZSC__pr!.fl T ZB]I{IZLIA_,M_\'I) (21 )
DT
92 = : (ZL + ZR T ZSC_pu.\': )I(f \fA__pm‘l (22 )
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where:

Zp is equal to a source impedance of a backward power network,
Zg is equal to a source impedance of a forward power network,
Z| is equal to an impedance of the power transmission line,

index post identifies a value after the occurrence of a faulit,
index pre identifies a value before the occurrence of a fault,

|a is equal to a fault current,
Zsc is equal to a non-linear impedance,

Ks is equal to a fault-type matrix,

10
and where Im(a,), Im(b,) and Im(c,) are equal to the
imaginary part of the coefficients, and that
the fault resistance becomes
R, .= Re(a, )vl = Re(h, v, + Relc, ) | (24)
where Re(a,), Re(b,) and Re(c,) are equal to the real part
of the coefficients.
3. A method for location of a fault, and determination of
20 the resultant fault resistance, which has occurred on a
series-compensated power transmilission line according to
any of claims 1 or 2, characterized i1n that the method
and the determination presuppose knowledge of
E ... the emf of the backward power network
Z . . the source impedances of the backward power
AtP, v
network
E., .. the emf of the forward power network
eilp, . )
30

the source impedances of the forward power

N

B(r. S, T

network
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Z, the i1mpedance of the power transmission line
d the distance 1in per unit from station A up to the
series capacitors
dZ the i1mpedance of the power transmission line

L
between station A and the series-compensated capacitors

(1 - d)dZ, the i1mpedance of the power transmission line

between the series capacitors and station B.

10 4. A method for location of a fault, and determination of
the resultant fault resistance, which has occurred on a
series-compensated power transmission line according to
any of claims 1 or 2, characterized 1n that, when a fault
has occurred, 1in order to characterize which type of

fault has occurred, the fault-type matrix is determined as

follows

20
where the elements in K, are determined depending on the
type of fault according to
e non-diagonal elements are given the value 0 1f the
phase in question is not concerned by the relevant
fault and the value -1 if the phase is concerned by the
relevant fault
e The diagonal elements are given the value 1 1f the
phase in guestion has a fault to ground at the fault in
30 question and to this is added the sum of the absolute

values of the non-diagonal elements in Lhe relevant

row.
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D. A method for location of a fault, and determination of the resultant fault
resistance, which has occurred on a series-compensated power transmission
line according to any of claims 1 or 2, characterized in that the parallel
connection of the series capacitors and the overvoltage protection device

constitutes a non-linear impedance Zgc which is represented by a model
equivalent impedance in the form of a series connection of a resistance Rgc
and a reactance Xgc, which may be individually determined as a function of a

traversing current, whereupon the actual value of resistance and reactance may
be determined with the actual current which, after the occurrence of the fault,

flows through the impedance, whereby the non-linear impedance may be set as

Z.,. = R, + JX_m (5) .

6. A method for location of a fault, and determination of
the resultant fault resistance, which has occurred on a
serles-compensated power transmission line according to
claim 1, characterized in that, if the fault occurred
pbetween the series capacitors and station B, the actual
current which 1s used for determining the non-linear

impedance 1s the current measured in station A.

7. A method for location of a fault, and determination of

the resultant fault resistance, which has occurred on a
serlies-compensated power transmission line according to

claim 2, characterized in that, i1f the fault occurred
between station A and the series capacitors, the actual
current which 1s used for determining the non-linear

impedance 1is a current I, calculated in station B

according to

-1

I, = ((1 - x)2, + 72, + Z ((Z

B L 8 SC)

+ x,2)I, - (E, - E)) (6)

A A 2

with an assumption on Z, and on a distance to fault, x,,
which current 1s then used for determining a new value of

Z.. which 1s compared with the assumed value of 2__, and 1if
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the difference between the assumed value of Z;, and the
new value 1s greater than a maximally permissible
difference value S,, the assumed value 1n equation (6) 1is
replaced by the first calculated value of Z_, which
method 1s repeated until the difference value of two
consecutive calculating procedures 1is smaller than the
set maximally permissible difference value, whereupon the
last obtained value of Z_ constitutes the assumption
which is needed for a final determination of the distance

to fault and the fault resistance.

8. A method for location of a fault, and determination of

the resultant fault resistance, which has occurred on a

series-compensated power transmission line according to
any of claims 1 or 2, characterized in that an assumption

1s made on a distance to fault "x" from station A and a

fault resistance R,.

9. A method for location of a fault, and determination of
the resultant fault resistance, which has occurred on a

series-compensated power transmission line according to

any of claims 1 or 2, characterized in that, if the fault

occurred between the serles capacitors and station A, the

calculation of the actual distance to fault and the fault

resistance is based on a calculating algorithm which

comprises the equations

EA_EH:[ZA+ZB+ZL+ZSC_[7!<']IA_[:N (1)
E,~E,=|Z,+x2, +Zy . [ta e (1= )2, 2|1y (2)
(7)
"A_,nmr - vf = (‘.!ZL +ZSC'_pmt)[.4,;-mt
{Q\
l[ — I:\_pm:t + 8-1"'—" \ !
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where quantities with the 1ndex "pre" relate to the value

prevalling before a fault has occurred and where

quantities with the i1ndex "post" relate to the value pre-
valiling i1mmediately after the fault has occurred, and

where (1) is the vectorial equation of the power trans-

mission line corresponding to the conditions immediately
before the fault has occurred, and

where (2) 1s the vectorial equation of the power
transmission line corresponding to the conditions
immediately after the fault has occurred, and

where V., represents voltage measured in station A, and
where V, relates to the voltage on the power transmission
line where the fault has occurred and which is determined
with the aid of

I, = K, V,/R, (4)
where I, relates to the fault current through the fault
reslistance, and

where x designates the unknown distance to fault from the
end point A of the power transmission line to the site of
the fault.

10. A method for location of a fault, and determination
of the resultant fault resistance, which has occurred on
a series-compensated power transmission line according to
any of claims 1 or 2, characterized in that, i1f the fault
occurred between station A and the serilies capacitors, the
calculation of the actual distance to fault and the fault
resistance 1s based on a calculating algorithm which

comprises the equations

l_‘:" -EB :[Z;\ +Z8 +ZL +ZSC_prc][A_prr (1)

EA'"EBZ[ZA"'*‘QZL][ (3)

A _pust

B [(l — 3 )Z Lt Ly + Ly, ]I

B _ povt
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Vy v =V =71 (16)

A _ A _ pni

I] — lA_pH.\'f + IB_pu.s'f ( 17 )

where quantities with the index "pre" relate to the value
prevalling before a fault has occurred and where
quantities with the i1ndex "post" relate to the value
prevailing immediately after the fault has occurred, and
where (1) i1s the vectorial eqgquation of the power
transmission line corresponding to the conditions
immediately before the fault has occurred, and

where (2) 1s the vectorial equation of the power
transmission line corresponding to the conditions
immediately after the fault has occurred, and

where V, represents voltage measured 1n station A, and
where V, relates to the voltage on the power transmission

line where the fault has occurred and which 1s determined

with the aid of

I, = K, V,/R, (

£ £

1

where I, relates to the fault current through the fault

resistance, and
where », designates the unknown distance to fault from the

end point A of the power transmission line to the site of

the fault.

11. A method for determining which of a located fault

according to claim 1 or claim 2 represents the true

location, characterized i1n that, 1f the located fault is
a three-phase fault, 1t 1s asked

whether R, 1s greater than R,, and 1f the answer 1is yes,

1t 1s assumed, as a first assumption, that the fault is

an R,, fault, and 1t 1s asked whether R, > R,

where R, 1s a preset minimum value, and 1f the answer 1is

ves, the distance to fault 1s x, , and 1f the answer 1is

no, the distance to fault 1is x
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and that if R, 1s smaller than R,,, 1t 1s assumed,; as a
first assumption, that the fault is an R, fault, and 1t
is asked whether R, > R,and 1f the answer 1is yes, the
distance to fault is x,, and if the answer 1s no, the

1

distance to fault 1s X,
1f the located fault i1s an unsymmetrical fault, the phase
currents through the fault resistance are first deter-

mined for a fault according to claim 1 according to

if(R,S.TJl = iA(R.S.TJ * iB{P..S.TJI (25)
where

1., are the phase currents measured in station A

1,5, c7; 1S determined by means of equation (2) (i, = I, )

and for a fault according to claim 2 according to

l“R-‘S:le - T lA!P..S,Tl + lB(R,S.‘rn (26)
where
i, ¢, 1S determined by means of equation (3) (i1,= I, )

whereupon 1t 1s asked
whether i, is greater than 1,,, and if the answer 1is yes,
it 1s assumed, as a first assumption, that the fault 1is

an R, fault, and it 1i1s asked whether R, > R, where R,

1s a preset minimum value, and 1f the answer is vyes, the
distance to fault 1s x, , and 1f the answer 1s no, the

distance to fault 1s X,

and 1f 1, is smaller than 1i,,, 1L 1s assumned, as a first

assumption, that the fault 1s an R, fault, and it is asked
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whether R, > R, and if the answer 1s yes, the distance to
fault 1s x,, and 1f the answer 1s no, the distance to

fault 1s x, .

12. A device for carrying out the method for location of
a fault, and determination of a resultant fault
resistance, which has occurred on a serles-compensated
power transmission line between two statlons A and B
according to any of the preceding claims 1 - 11,
characterized in that the device comprises measuring
devices (2, 3) for continuous measurement of phase
currents and phase voltages in one of the stations (A&),
measurement converters (4, 5) for filtering and storage
of a number of these consecutively measured values, a
calculating unit (6) which is provided with the
calculating algorithms included in the method, 1including
iteration possibilities, and which 1s arranged for
receiving signals in the form of the measured, filtered
and stored pre-fault phase currents and phase voltages as
well as measured and filtered values of post-fault phase

currents and phase voltages as well as signals 1ndicating

the emf (E,, E,) and impedance (Z,, Z,) of the backward and
forward power network, the length (L) and impedance (Z))

of the power transmission line, and the distance (d) from
station A to the series capacilitors, assumed values of the
distance to fault (x) and the fault resistance (R,), data
for determining the type of fault (K,) and, in connection
with the iterations, pre-determined maximally permissible

difference values (S,, S,, S,).
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